Analysis, design and development of a flat plate solar thermoelectric energy conversion panel  Final report, 17 Apr. - 17 Oct. 1964 by unknown
I .  
I 4 
A 
I 
For 
Analysis, Design and Development 
of a Flat Plate Solar Thermoelectric 
Energy Conversion Panel 
17 April 1964 - 17 October 1964 
GPO PRICE S Contract No.: NAS5-3782 
Prepared by CFSTI PRICE(S) S 
Hard copy (HC) 6 0 MELPAR, INC. 
3000 Arlington Boulevard 
Falls Church, Virginia 
Microfiche (MF) , 7&- 
ff 653 July 65 
For 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATI 
GODDARD SPACE FLIGHT CENTER 
Greenbelt, Maryland 
4' 
C 
0 L
c - (73 (PAGES) d 
(CATEGORY) 
z PIP- 175391 
(NASA CR OR i M X  OR AD NUMBER) 
https://ntrs.nasa.gov/search.jsp?R=19660018254 2020-03-16T19:04:58+00:00Z
FINAL W O R T  
For 
ANALYSIS, DESIGN AND DEVELOPMEMT 
OF A FLAT PLATE SOLAR TflERMOEUCTRIC 
ENEXiGY CONVE2?SION PANEL 
17 April 1964 - 1 7  October 1964 
Contract No,: NASS-3782 
Prepared by 
MEWAR, INC. 
3000 Arlington Boulevard 
Falls Church, Virginia 
For 
NATIONAL AERONAUTICS AND SPACE ADMINISTBATION 
Goddard Space Flight Center 
Greenbelt, Maryland 
ABSTRACT 
T h i s  report covers the technical effor t  during the second phase of a 
program directed toward the development and fabrication of a f l a t  p la te  
solar  thermoelectric power generation panel. 
of producing fran 3 t o  6 watts of e lectr icdl  power per square foot w h i l e  
T h i s  panel should be capable 
providing a weight fac tor  of 15 w a t t s  per pound. 
i n  f l a t  plate  u n i t  couple form. 
These goals were achieved 
The technical. e f fo r t  included: 
a. 
b. 
A comprehensive analysis of the solar f l a t  plate  generator. 
A n  extensive redesign of the uni t  couple and the panel structure. 
C. An experimental program aimed a t  improving the bonds t o  Eli Te 2 3  
al loy thermoelectric generator material. 
d. The fabrication of quantities of f l a t  p la te  unit couples and t h e i r  
assembly i n t o  f l a t  plate  panels. 
e. Life tes t ing  of f l a t  plate unit  couples, both under steady-state 
and thermal cycling conditions. 
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1. INTRODUCmON 
This i s  t h e  f inal  report  f o r  the  second phase of a program directed 
toward the  design and development of a f l a t  p l a t e  solar thermoelectric 
power generator, "his generator is t o  be capable of producing from 3 to  
6 w a t t s  of e l e c t r i c a l  power per square foo t  of oriented absorber surface 
with a specific power of a t  least 15 watts per pound i n  an ear th  orbi t .  
During the first phase of this program, e f f o r t  was  expended on 
problem analysis, material  selection, and determination of su i t ab le  
processes f o r  constructing f l a t  plate  panels. 
phase, the  goals of a t  l eaa t  3 watts per square foot  and 
pound were not qyite achieved. However, 2.2 t o  2.3 vatts per square 
f o o t  and 11uatts per pound were achieved. 
A t  the  end of t h e  first 
watts per 
W i n g  the current phase of the program the  goals as stated above 
were achieved, Unit couples providing power outputa greater  than 3 watts 
per square foot, were produced while meeting t h e  15 w a t t s  per pound i n  
supported panel form. 
A summary af the  technical  e f fo r t  of this current phase of t he  
program is: 
a. A comprehensive design analysis of t he  f la t  p l a t e  solar genera- 
tor problem i n  ear th  o r b i t s  o r  other o rb i t s  o r  trajectories was made. 
bo 
C. 
d. 
The uni t  couples and panel s t ructures  were redesigned, 
An absorber coatings survey was made. 
More detai led thermoelectric material analyses w e r e  made on 
BipTe3 alloy materials from a new source (ASARCO Intermetal l ics  CO., 
New York, N.Y.). 
1 
e. A study and experimental program f o r  bonding to Bi2Te3 alloy 
materials was carried out. 
f .  A special unit  couple assembly apparatus was designed and 
constructed . 
go A steady-state and cyclic l i f e  test apparatus was designed and 
constructed . 
h. 
i. 
Unit couples were fabricated into panels. 
A small quantity of unit couples were placed on steady-state and 
cyclic l i f e  test. 
2 
2. TECHNICAL DISCUSSION 
2.1 Program Synopsis 
The work during the first quarter of this program covered: 
I 
I 
E 
a. A comprehensive design analysis of  the f l a t  p la te  so la r  generator t o  
extend the  study o f  a pr ior  contract (NASS-3400) t o  more general conditions, 
including a range of nonpolar earth orb i t s  and other t ra jector ies .  
b. An extensive redesign of the  unit couple and panel s t ructure  along 
more optimized l ines.  
C. A survey of available absorber coatings. 
d. A series of evaluation measurements of new €3 T al loy t h e a o e l e c t r i c  3 s  
materials. 
e. A re-evaluation and experimental sthdy of ohmic bonding t o  a l l o y s  of 
BS Ty f o r  thermoelectric power generation, 
f. The fabricat ion o f  quantit ies of unit couples both manually and i n  
a special ly  designed assembly apparatus. 
g. The design and construction of  steady-state and thermal cycling life 
test f a c i l i t i e s .  
A complete theoret ical  analysis of the  f l a t  plate  generator was  under- 
taken i n  the first quarter t o  pernit a f u l l e r  understanding of the signif- 
i can t  design parameters involved. It was  shown t h a t  the  performance of a 
conventional flat p la te  design i s  c r i t i c a l l y  dependent upon the absorptive 
and emissive character is t ics  o f  t h e  absorber m d  radiator  coatings. hami- 
nation of a l te rna te  designs involving increased radiator  area, segmented couple 
legs ,  and solar  concentration showed some improvement i n  performance. 
nonearth c rb i t  missions, inciudirg, a close-in Venus orb i t ,  were a l s o  treated, 
Typical 
2 
A general computer program was developed t o  evaluate the  performance of t h e  
generator i n  a polar e m h  o rb i t  with other thermoelectric materials, and 
with various radiator  and absorber coatings. 
From the  r e su l t s  o f  t h i s  study came a redesigned uni t  couple. Each u n i t  
couple contains four legs -- two n-type and two p-type - connected i n  
series-parallel ,  with 121 of these couples occupying a square foot of panel 
area. Performance was  predicted after: 
a, A survey of absorber coatings showed the Kinney WDark Mirrorw t o  be 
t he  best commercially available coating. 
b. Precise measurements of S (Seebeck coefficient)  and p ( e l ec t r i ca l  
r e s i s t i v i ty )  w e r e  made over the  temperature range f o r  a new high-strength 
pressed-powder Bi T e  alloy thermoelectric material . 2 3  
C. Heasurements were made of t h e  bond resistances o f  a lead-nickel 
p l a t e  system developed for,  and shown t o  be usable Kith, t h e  new themo- 
e l e c t r i c  materials. 
The prediction was t ha t  power output of the new couple structure should 
2 
be i n  excess of 3 watts/ft as  required by t h i s  contract. 
Two dozencouples were constructed by various techniques. Limited t e s t ing  
showed a power output i n to  a matched load of greater than 3 w a t t s / f t Z  and 
good in i t i a l  resistance t o  thermal cycling. 
Fac i l i t i e s  constructed during this period included an assembly apparatus 
with an automaticaiiy programmed bonding cycle, pemi t t i ng  production rates 
o f  up t o  6 couples per hour and l i f e  tes t  f a c i l i t i e s  with 18 steady-state 
and 18 cyclic t es t  positions. 
k 
2.2 Panel Fabrication and Evaluation 
2.2.1 Fabrication of Panels 
Developmental E f f o r t :  Although t h e  major  e f fo r t  f o r  the  second pro- 
gram quarter was t o  be the  production of panel hardware, it was decided, based 
upon thermoelectric leg  bonding studies i n  t h e  first quarter,* t h a t  some e f f o r t  
should continue on bond improvement. 
Previous work had indicated the 'following charac te r i s t ics  of t he  nickel- 
plated bonds t o  the  B i  Te legs:  
2 3  
a. As t h e  thickness of  t h e  nickel plat ing w a s  reduced, the strength of 
2 3  
The preplating etch was producing a deep modified surface region, 
t he  Ni-Bi T e  bond improved. 
b. 
pene€rating from 0.001 t o  0.002 inch deep. 
C. The nickel p la t ing  on the n-type Bi2TS mater ia l  was s l i g h t l y  porous 
and not as fine-grained as t h a t  deposited on the  p-type BI T material. 
2 3  
Since only a s m a l l  e f for t  would be applied t o  continued bond improvement, 
t h e  following experiment w a s  run i n  an attempt t o  account f o r  all of the  above 
findings : 
a. The plat ing conditions were modified t o  fur ther  reduce the  p la t ing  
thickness f r o m  0.0002 inch t h i c k  t o  0.0001 inch thick. 
b. The preplating etch time w a s  reduced by a f ac to r  of 2 t o  reduce t h e  
etch depth, which w a s  considered t o  be too great.  
C. The current density w a s  reduced on the  n-type material i n  an attempt 
t o  produce a more uniform, fine-grained deposit. 
* "Analysis, Design and Development o f  a Flat P la te  Solar Theromelectric Ehergy 
Conversion Panel," Section 2.4, First Quarterly Report, Contract No. 
NAS5-3782, NASA (1964). 
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t 
The above changes resulted i n  bonds which were great ly  in fe r io r  t o  
The plat ing became extremely the  bonds produced by the former process. 
discontinuous on the  surface of t h e  H2T5 material, both n- and p-type, 
af ter  soldering. T h i s  resul t  was a t t r ibu ted  t o  the  reduced thickness of 
t he  nickel plating. 
f i c i a l ,  but the available time did not allow this opinion t o  be proved; 
thus, all the process changes were abandoned. 
developed w a s  used t o  produce unit couples f o r  panel hardware. 
The other two changes were s t i l l  thought t o  be bene- 
The bonding process previously 
Production of U n i t  Couples fo r  Panels: The uni t  couple assembly apparatus, 
designed and constructed during the  first quarter of t he  program, w a s  put i n t o  
operation. The estimated 3-minute assembly cycle time was not achieved. 
assembly time per un i t  couple was found t o  be no be t t e r  than 10 minutes. 
gives a maximum production r a t e  o f  six un i t s  per hour. 
f ica t ions  
cycle by a fac tor  of 4 or  5. 
The 
T h i s  
However, minor modi- 
can be made t o  t he  apparatus which could reduce the  10-minute time 
The time-temperature cycle is  automatically controlled. The assembly 
f ix tu re  i s  e l ec t r i ca l ly  heated t o  t he  desired temperature, a t  which time t h e  
heaters are shut off  and gas is blown through channels i n  t h e  heating blocks 
t o  cool t h e  assembly rapidly. 
with a controlled atmosphere of forming gas (90-percent N. 
The time-temperature cycle i s  shown i n  figure 1. 
molten f o r  50 t o  55 seconds and that  t he  thermoelectric couple i s  above 
30OoC f o r  approximately 1 minute. T h i s  kind o f  time-temperature cycle i s  
required t o  prevent permanent degradation o r  damage t o  t h e  thermoelectric 
m a t  e ri al . 
The whole apparatus i s  enclosed i n  a chamber 
10-percent H ). 2’ 2 
Note t ha t  t he  solder i s  
6 
I *  E1103 
FIRING CYCLE TIME, MINUTES 
Figure 1. Firing Cycle for Unit Couple Assembly 
I 
I 
I 
f 
I 
Several process var ia t ions were t r i e d  with t h e  assembly apparatus. The 
f i n a l  assembly process step, described i n  appendix I, w a s  developed. 
included modifications of the time-temperature cycle, t he  use of various 
soldering fluxes, changes i n  operational sequences, etc.  The f lux chosen 
had t o  be one t h a t  would not spread and attack t h e  inner surfaces o f  t he  
almn3.ntn.a absorber and radiator plates i n  a manner tha t  would increase the  
emissivity of  the  plates. 
Thia 
Another operation, t he  joining of the  nickel shoe t o  the  aluminum plates ,  
This w a s  due t o  t he  m a n u a l  laboratory w a s  found t o  be overly time-consuming. 
process develoDed t o  accomplish t h i s  operation, 
i n  this regard without sacrificing qua l i ty  and should be included i n  amy 
fu ture  work, 
This step can be improved 
An improved support structure was designed, and consists of a 0.OOS-inch- 
th ick  aluminum plate,  approxjmately 3 inches square, w i t h  the edges turned 
at  r ight  angles t o  increase rigidity.  
welding a cross-rib t o  the structure. 
the  outer radiator  surface and i s  bonded t o  the radiator  side o f  the  f la t  
p l a t e  panel assembly with a thermally conducting acihesive. 
tai ls  of this s t ructure  and the  f ina l  panel assepbly techniques a re  described 
Further r ig id i ty  i s  achieved by spot, 
This support s t ructure  then becomes 
The design de- 
i n  appendix I. 
8 
2.2.2 Evaluation of. U n i t  Couples fo r  Panel Application 
After fabrication, the ac  resis tance of the unit couple i s  measured a t  
room temperature. 
couple i s  placed on t h e  calibrated thermoelectric module, which, i n  turn, 
rests on a thermoelectric temperature-controlling module. 
module maintains t he  bottom of t h e  calibrated module a t  a f ixed temperature. 
When a generator i s  tested, the calibrated module current i s  recorded f o r  a 
Then, using the  apparatus shown i n  f igure 2, the u n i t  
SC The control 
predetermined AT across 
loo4 torr or bet ter .  A 
heat source. 
the  module. The t e s t s  a re  carr ied out i n  a vacuum of 
ZSO-watt focused projection lamp i s  used a s  t h e  rad ian t  
'i 
The following procedure i s  used t o  determine the  effective thermal input  
power t o  the  generator: I n  place of the generator, a small heater, the same 
i 
s i z e  a s  t h e  top  of the calibrated module, i s  put down on the  hot plate of the 
cal ibrated module with s i l i cone  thermal grease. The heater is  covered by a 
thermal shield which is  maintained a t  the  heater temperature. The heater 
current  and voltage a r e  measured, allowing calculation of the heat flow i n t o  
the cal ibrated module. The top and bottom pla tes  of the module are maintained 
a t  t h e  same AT a s  was maintained with the  u n i t  couple during t e s t .  A calibra- 
t i on  curve i s  then made far this fixed AT, with the heat in(Pin)plotted as  a 
function of the current through the cal ibrated module. The cal ibrat ion curve 
i s  shown i n  figure 3 .  Therefore, the heat input t o  the generator i s  deter- 
mined by comparing module cu r ren t  during generator measurements t o  t h i s  ca l i -  
brat ion curve. 
it "Analysis, Design and Development of a F l a t  Plate  Solar Thermoelectric 
Energy Conversion Panel," Section 2.5, First Quarterly Report, Contract 
NASS-3782, NASA (1964). 
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TESTS PERFORMED 
IN VACUUM 
I 
250 WATT INFRARED LAMP -RADIATION SOURCE 
TRIPLE REFLECTIVE 
THERMAL SHIELDING 
UNIT COUPLE UNDER TEST CALIBRATED THERMOELECTRICMODULE 
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I I 1 
I VACUUM SYSTEM BASE PLATE 1 
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CALI B 
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Figure 2. Unit Couple Testing Apparatus 
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Figure 3. Calibration Curve for Testing Unit Couple Performance by 
Thermal Through-put Method. 
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I 
"he t o t a l  power in to  the generator i s  the thermal power determined from 
the cal ibrat ion curve, plus the e l ec t r i ca l  power out  which was converted from 
heat (4 t o  5 percent), i.e., (ja = Pin + Pout. 
ments were made under environmental conditions similar t o  those used for  the 
u n i t  couple tests. Performance tests with the new u n i t  couple design resu l ted  
i n  over 3 watts per square foot of e l e c t r i c a l  output power, 
with a black paint  coating on t h e  absorber p la te  and exposed t o  a tungsten 
filament lamp, performed as  shown i n  t ab le  1. 
A l l  the  cal ibrat ion measure- 
Couples tested,  
The heat input fo r  a square foot a€' collector sltrface a t  245'C, which 
i s  sun oriented i n  space, can be calculated since the absorpt ivi ty  and 
emissivity of the applied Kinney coating a r e  known. 
ua t t s / f t  
should be able  t o  produce j u s t  over 3 watts/ft 
4 , 1-per cen t efficiency. 
L 
T h i s  i s  approximately 76 
2 and, by d i r e c t  interpolation of tab le  1, the  f l a t  p l a t e  generator 
2 a t  approximately 4.0- to  
Two couples, which had been coated a f t e r  fabrica.tion with the  Kinney 
absorber coating, were tes ted  with the  tungsten filament lamp to ensure 
against  degrading ef fec ts  a s  a r e su l t  of t he  coating process. Each was 
tested i n  the  manner described above w i t h  a cold p la te  temperature 
with the performance being consistent with previous measurements, 
couple, coated with the Kinney absorber coating a f t e r  fabrication,was a l so  
tested i n  a s imilar  manner t o  the  uncoated couples, except a xenon source 
of 7OoC, 
One u n i t  
was used.(See t ab le  1.) 
The input (P.  ) t o  the couple from the  xenon lamp was measured by i n  
so l a r  pyranometer (as  shown i n  figure 4) and adjusted t o  be one so la r  
a 
12 
TABU3 1 
UNIT COUPLE Pl3RFWWNCE 
245 60 81 3.30 4.07 
245 . 65 79 3.20 4.05 
245 70 69 2.77 4.02 
245 80 65 2.5L 3.91 
s2c1 245 . 75 69 2 ..69 3.90 
245 80 67 2.44 3.64 
Performance a f t e r  Steady-State Life Test 
slcl 245 70 69 1.40 2.30 
s2c1 245 75 67 1.94 2.90 
Performance w i t h  Kinney. Coating and Xenon Lamp 
3 245 70 70 3.06 4.37 
245 75 70 2.90 4.3.4 
245 80 72 2.70 3.75 
r 
i 
I 
I 
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Figure 4. Silicon Photovoltaic Cell Pyranometer 
14 
2 constant, l.40 mu/= . 
f’urnished with the pyranometer (figure 5). 
t i v i t y  and emissivity for  the coating have been measured a t  the  temperature 
of the hot plate, the heat absorbed can be calculated and compared with tha t  
obtained from the calibrated module. 
xenon l i g h t  source i s  not a perfect solar  simulator, and since the aluminum 
substrate used for the coating may not be exactly ident ica l  t o  that  used when 
the absorptivity and tmissivitymeasurements Were perfoZW3do 
a check on the calibrated module method. 
apparatus is shown i n  f igure 6. 
T h i s  power input i s  determined by a calibration curve 
Therefore, since the t o t a l  absorp- 
Some deviation can be expected since the 
However, this is 
The xenon source uni t  couple t e s t ing  
i 
1 E1047 
i 
I 
400 
350 
Z 
I- 
U 
4: 
0 300 
5% 
-It 
E 
u 250 
; FOO 
0 3  z z  
0 I50 I 
a c 
0 100 
50 
O O  I 2 3 4 5 6 7 8 9 IO 
PY RANOMETER OUTPUT, MILLIVOLTS 
Figure 5. Pyranometer Calibration Curve 
16 
* 2006-6744 
Figure 6. Unit Couple Testing Apparatus Using Xenon Lamp Simulated 
Solar Source 
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2.3 Life Testing of Unit  Couples 
2.3.1 Steady-State Life Test 
The system described i n  'the f i r s t  quarter ly  repor t  of t h i s  program* 
I 
was used f o r  both the  steady-state and thermal cycle l i f e  t e s t s .  
was made i n  the radiant  energy source. 
A change 
Instead of the large 250-watt infrared 
bulb, a focused S O - w a t t  projector bulb was used. This allowed better con- 
t r o l  of the temperature and l e s s  extraneous heating of the t e s t  environment. 
The couples placed on t e s t  were instrumented with b0-gage thermocouples on 
both the absorber and radiator  plates.  Separate voltage and current leads 
as w e l l  a s  the thermocouples were brought out of the vacuum sleeves through 
vacuum feed-throughs. The lamps which heat the absorber surface a r e  outside 
the vacuum sleeves, and the radiant energy is  transmitted in to  the vacuum 
chamber through glass  windows. The life t e s t  apparatus i s  pictured i n  
f igure 7 and shown schematically i n  f igure  8. 
The parameters measured were: 
a. AC resis tance (R,,). 
b. Radiator temperature (Tc). 
c. Absorber temperature (Th). 
d. Open-circuit voltage across couple (Vo). 
e. Open-circuit voltages across individual l e g  pa i r s  (V and V ). n P 
f. Power delivered t o  a match load (Po). 
st 
"Analysis, Design and Development of a, Flat P la te  Solar Thermoelectric 
Energy Conversion Panel, '1 Section 2.6, First Quarterly Report, Contract 
NASS-3782, NASA (1964) . 
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Figure 7. Thermal Cycling and Life Test Apparatus for Unit Couples 
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A vacuum of better than loo4 torr was maintained continuously d w h g  
these tests. 
2.3.2 Thennal Cycling Life Test 
The system described i n  the  paragraph above a l so  appl ies  t o  t h e  
thermal cycling l i f e  test. 
of the  heat  input lamps. This cycle was set a t  20 minutes. The rap id i ty  
of the heating and cooling of the absorber surfaces of the  couples made the 
t e s t  a r a the r  severe one. 
The only difference was the on-and-off cycling 
The thermal cycle used i s  shown i n  f igure 9. A 
photograph of an actual  couple on t e s t i s  shown i n  f igure 10. 
filament shown i n  figure 10 i s  a re f lec t ion  flrom the  vacuum window. 
2.4 
The lamp 
Analysis of Life Test Data 
As outlined i n  the preceding paragraphs, steady-state and cycl ic  l i f e  
tes ts  were conducted on various u n i t  couples. 
graphs t h a t  summarize the e l ec t r i ca l  behavior of the couples during these 
tests. 
a t  t h e  absorber surface ana one a t  the radiator  surface. 
In  t h i s  section a r e  included 
Ebch couple was internal ly  instrumented with two thermocouples-one 
Three se r i e s  of tests were made. The f irst  was of t h e  two couples under 
steady-state conditions but  i n  separate.manifolds. Open-circuit voltage, 
2 couple (ac) resistance,  and apparent S /p f o r  these two couples a re  shown in 
f igures  11 and 12, This test  was terminated a f t e r  approximately 1200 hours. 
, 
"he second series consisted of four couples under steady-state conditions 
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Figure 10. Photograph of Unit Coup1 on Life Test 
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Figure 11. Steady-State Life Test Performance of Unit Couple S1-C1 
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I 
i n a  singlemanifold. Similar data, as  shown i n  f igure  11, a r e  plot ted i n  
figures U, a, 15, and 16. 
available fo r  only the f i rs t  1250 hours. 
couples tes ted under cyclic conditions i n  a single manifold. 
T h i s  t e s t  i s  continuing, although data are 
The,third se r i e s  consisted of s ix  
The t e s t  cycle 
used i s  shown i n  f igure  9 .  Th, or the hot junction temperature, reached i t s  
maximum within 1-1/2 minutes a f t e r  power turn-on to  the lamps and dropped t o  
j u s t  above the radiator  temperature wi th in  1-1/2 minutes a f t e r  power turn- 
off. This test 
was terminated a f t e r  670 hours or about 2000 cycles. 
Data from t h i s  t e s t  a r e  plotted i n  figures 1 7  t h o u @  22. 
Thus, the t o t a l  t e s t s  involved about 7500 couple-hours divided among 
six couples on steady-state t e s t  and about 8000" couple-cycles dis t r ibuted 
among six additional couples on cyclic t e s t .  
s t a t e  l i f e  tes t ,  three couples exhibited a c  resistance increases of 1O'per- 
After 1000 hours of steady- 
cent o r  less. 
uni t s  t o  reach an increase i n  a c  resistance of LO percent was 724 cycles. 
The s i x t h  u n i t  on cyclic l i f e  t e s t ,  i t  i s  interest ing t o  note, exhibited 
On the cyclic l i f e  test, the average time for f i v e  of the  
absolutely no change a f t e r  2000 cycles. 
Mounted sections a re  being prepared for metalIographic analysis and 
bond resistance measurements for a l l  un i t s  removed from the test. Due t o  
delay i n  placing un i t s  on l i f e  tests, the  f u l l  r e su l t s  of the physical 
analysis are not available a t  t h i s  t%e. Preliminary examination of the  
bond structures a f t e r  t e s t s  reveals voids i n  the lead solder layer between 
It 
Couples were removed from the cycle t e s t  a t  approximately a 25- t o  50- 
percent res is tance increase for analysis purposes; thus, the figure of 
8,000 rather  than the expected 12,@)00 cycles. 
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Figure 13. Steady-State Life Test Performance of Unit Couple %-CI 
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Figure 14. Steady-State Life Test Performance of Unit Couple %-C2 
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Figure 15. Steady-State Life Test Performance of Unit Couple S3-C3 
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Eigure 16. Steady-State Life Test Performance of Unit Couple %-C, 
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Figure 18. Thermal Cycling Life Test Performance of Unit Couple S4-Cz 
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Figure 19. Thermal Cycling Life Test Performance of Unit Couple S4-C3 
33 
E1114 
g 
a0 O t  
(0 (0 In 
SllOhllllW NI 
33VllOh llfl3t113 N3d0 
SWHOIllIW NI 
33NVlSIS3tl3V 
Figure 20. Thermal Cycling Life Test Performance of Unit Couple S4-C4 
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t 
the  nickel bar r ie r  p la t ing  on the legs and the nickel shoe on the  aluminum 
plate. 
stresses due t o  these voids may w e l l  contribute t o  the observed bond f a i l u r e  
on cycl ic  t e s t .  
These voids a r e  produced during the  f i n a l  assembly step. Therm1 
The l i f e  t e s t  data and general conclusions a r e  summarized i n  tab le  2. 
I n , t h e  abeence of mare caaplete physical t es te ,  but noting the  character of 
the  S /p curvee, and from visual  examination of some of the couples removed 
from l i f e  test ,  it i s  assumed that a l l  f a i lu re s  a r e  due to bond deter iorat ion 
a t  t h e  hot  end of t h e  individual legs. 
2 
2 It should be noted that, although some of t he  S /p curves show an 
a m p t  doynward break which can be associated with bond fa i lure ,  most curves 
show downward trends i n  varying degrees throughout the l i f e  test. These are 
s l i g h t  but a re  perhaps an indication of i n s t a b i l i t y  and possible mater ia l  
reformation near t he  hot end of the elements. 
t o  verify th i s  possibi l i ty .  
Further tests would be required 
The power output of the two couples designated a s  S C and S2C2 was 1 1  
measured a f t e r  removal from the steady-state l i f e  t e s t ,  and t h e  r e s u l t s  a r e  
shown i n  t ab le  1 f o r  comparison with t h e i r  performance before l i f e  testing. 
2.5 Technical Conclusions 
Overall conclusions, based upon t h e  r e s u l t s  of the  technical effort  of 
this program, are: 
2 a. 
coatings under conditions simulating cer ta in  ear th  orbits. 
b. 
A t  l e a s t  3 watts/ft  can be obtained with exis t ing materials and 
The thermoelectric material used i n  t h i s  phase of the  program i s  
superior t o  p r ior  materials. It exhibits greater uniformity of character is t ics ,  
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i s  considerably stronger, and has provided s l igh t ly  bet ter  thermoelectric 
performance. 
t ion  occurs after 1000 hours of steady-state l i f e  t e s t  or 2000 cycles of 
cyclic l i f e  test. 
Life t e s t  data indicate that l i t t l e ,  i f  any, material  degrada- 
c. The "Dark Mirror" coating supplied by Kinney Vacuum is currently 
the best  available solar absorber coating f o r  the f l a t  p l a t e  space generator 
application. 
d. The nickel-plated bond t o  the  thermoelectric material appears t o  be 
basical ly  sa t i s fac ta ry  for this application. 
observed f a i lu re s  are  probably due t o  inadequate solder bond formation between 
the thermoelectric leg  nickel plating and the nickel shoe on the  aluminum 
p la t e  . 
Life t e s t ing  r e su l t s  show t h a t  
e. F l a t  p la te  solar thermoelectric generator un i t  couples can be 
produced which can survive more than 1000 hours of steady-state l i f e  test-. 
i n g  and more than 2000 cycles of cyclic l i f e  tes t ing  with a t o t a l  performance 
degradaiion of 10 percent or less .  
f. Flat  p la te  solar  thermoelectric generator panels with support 
s t ructures  can be assembled whose specific power i s  a t  l e a s t  15 watts/pound. 
However, such uni t s  may not have t h e  strength and r i g i d i t y  reqGired f o r  large 
space arrays i n  prac t ica l  applications. 
39 
The items which can be considered as new technology on the subject 
program are  as  follows: 
a. 
b. New unit couple design. 
C. 
Improved contact bonds t o  the thermoelectric legs. 
Achievement of output power of a t  l e a s t  3 watts/ft  2 under specified 
conditions. 
d. Concept of t e r r e s t r i a l  f l a t  p la te  thermoelectric generator. 
3.1 Improved Contact Bonds 
Nickel has been shownto be an effect ive bar r ie r  against degrading 
fac tors  when used on Bi2Te3 thermoelectric alloys. 
formerly used fo r  thennoelectric cool ing applications were found t o  b e  
Nickel-plating baths 
lacking i n  protective qual i t ies  and adherence when used i n  elevated tempera- 
tu re  power generation applications. 
bath and p la t ing  process t o  provide an adequate nickel bar r ie r  plat ing f o r  
It was necessary t o  develop a sui table  
B i  Te  parer generation alloys. 2 3  
A fluoborate-based bath was chosen due t o  the normally fine-grained, 
low-porosity adherent properties of this type of bath. In  addition, it is 
desirable t h a t  a bath used f o r  plating BipTe3 alloys be nonaqueous t o  pre- 
clude surf ace oxidation of the  BipTe3 during plating. 
T h i s  solution was shown t o  produce adherent, fine-grained platings 
on both n- and p-type Bi2Te3 power generation alloys. 
An equally important fac tor  i n  obtaining good Ni-Bi2Te3 bonds by 
electroplat ing i s  the  pretreatment of the  Bi2Te3 surface. 
surface pretreatment process was developed and gives the best r e su l t s  
obtained t o  date: 
The following 
I .  
r' 
I 
I 
a. "he surface of the thermoelectric l e g  i s  roughened s l i g h t l y  u i t h  an 
Airbrasive uni t  using fine aluminum oxide abrasive. 
be Aluminum oxide abrasive par t ic les  are removed by soaking i n  hydro- 
floric acid f o r  30 minutes. 
e. A rinse i n  deionized water and i n  methanol i s  used. 
d. For the n-type, the areas t o  be plated a re  etched i n  50-percent 
for t he  ptype, the areas t o  be plated hydrochloric acid f o r  5 minutes: 
are  etched i n  %percent n i t r i c  acid f o r  Sminutes. 
6.  Another r inse i n  deionized water and i n  methanol i s  used. 
The thermoelectric legs  are then plated (n-type and ptype i n  separate 
baths t o  prevent bath contamination) . . 
3.2 New U n i t  Couple Design 
The uni t  couple of the f l a t  plate generator has been redesigned. The 
uni t s  were redesigned on the  basis of a large A/& and an output voltage of 
a t  l e a s t  3 vol t s / f t  under the specified conditions. Four thermoelectric 2 
l egs  were used (two n-type and two p t y p e ,  i n  series-parallel  connection) 
instead of two. 
and also provides redundancy. 
radiator  p la tes  uas reduced t o  0.002 inch t o  decrease weight. 
f i n i s h  rol led surface i s  used t o  decrease the emissivity and thereby reduce 
the  heat leakage between the plates. 
over 1 inch square and just over 0.1 inch thick, i s  shown i n  f igure 23. 
To provide additional mechanical strength and durabi l i ty  t o  the structure,  
0.001-inch-thick mica support members have been bonded around the outside 
of t h e  u n i t  structure. 
T h i s  improves the mechanical s t a b i l i t y  of the u n i t  couples 
The thickness of t h e  al\rminum absorber and 
A m i r r o r  
The new unit couple, which i s  j u s t  
L1013.01-7 
Figure 23. Unit Couple Magnified (Top View) 
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3.3 Acbievement of 3 Watts per Square Foot of Output Power 
Under the specified conditions of solar constant (129 watts/ft 2 ) 
and weight fac tor  (15 watts/pound) an. output of a t  l e a s t  3 watts/ft  2 has 
been achieved. 
!%lo--' t o r r ,  f ix ing  the hot and cold junctions a t  the design Lemperatures 
( 2 4 p  and 7OoC, respectively) and using a tungsten radiant heat source. 
This was done by tes t ing i n  a vacuum of lxl@05--to 
3.h Terres t r ia l  F l a t  Plate  Applications 
Solar f l a t  p la te  thermoelectric generators have been under developnent 
f o r  use i n  powering s a t e l l i t e  and interplanetary vebicles. The generator 
technology developed i s  d i r ec t ly  applicable t o  t e r r e s t r i a l  uses. 
i n  t h e  design of heat absorber and dissipator  surfaces i s  required, however, 
A change 
t o  campensate fo r  the differences between space and terrestrial environ- 
ments. While this redesign i s  a maJor one, it is within the bounds of 
present knowledge. 
A solar  generator designed for t e r r e s t r i a l  use and with the system 
parameters (discussed l a t e r )  w i l l  be able t o  do the following: 
a. Provide power t o  operate a vil lage radio receiver and horn-type 
loudspeaker of suff ic ient  output t o  serve 50 t o  200 inhabitants, 
b. 
C. 
d. 
The solar  thennoelectric generator panels shown i n  figure 24 are  i n  
Operate a single-wire rural service-type telephone station. 
Operate a code-burst-type alarm transmitter f o r  a short t h e .  
Provide power f o r  many other remote location needs. 
the  form developed f o r  use i n  space. 
and radiator  plates  between thermoelectric legs  o f  Bi2Te3 alloys, arranged 
so t h a t  the heat flow i s  from absorber t o  radiator  and the  e l ec t r i c  power 
They consist  of aluminum absorber 
2995-8719 
Figure 24. Flat Plate Solar Thermoelectric Generator Panel 
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flow is  i n  ser ies  through a number of panel units. The absorber i s  coated 
with a material. which accepts solar energy i n  the v is ib le  range w h i l e  having 
low emissivity i n  the infrared; and the radiator  i s  coated with a material  
which has high emissivity, p a r t i c u l a r l y i n t h e  far-infrared. 
the absorber t o  operate a t  about 249C and the radiator  a t  ?O°C i n  an ear th  
This allows 
orbi t ,  The p o w e r  output i s  about 3 watts per square foot. 
For terrestrial applications, the same general generator configuration 
can be used. I n  this case, a different mechanism of heat absorption and 
re ject ion must be developed, because generator efficiency cannot be main= 
tained with radiat ive heat transfer only, a s  i s  required i n  space, The 
design of the energy absorption and reject ion par t s  f o r  a t e r r e s t r i a l  solar 
generator depends on two different  heat t ransfer  mechanisms. The absorber 
efficiency will be increased by means of the "greenhouse e f f ec t an  which 
t r aps  solar  energybetween the absorber surface and a coated @ass cover 
pa ra l l e l  t o  it and spaced a short distance from it. The heat sink r e f l ec t s  
heat t o  a cbimney which must be designed t o  reduce the temperature of the  
generator's back surface t o  s l igh t ly  above t h a t  of the  ambient a i r ,  A 
cross  section of a possible configuration is shewn i n  figure 25, 
Preliminary calculations shaw t h a t  an o-atput of 2 watts per square 
foo t  can be expected under idea l  conditions, A 5- by $foot panel could 
thus provide 50 watts a t  noon on a very clear  day. 
f o r  a c lear  day in the subtropics is estimated a t  approximately LOO watt- 
The expected output 
hours. A t  1 2  vol ts  this i s  about 33 ampere-hours, which i s  nearly a f u l l  
charge for  a LO ampere-hour9 lead-acid battery. 
f o r  4 hours per day, the drain i s  estimated e t  4 ampere-hours. 
When the radio i s  operated 
One ba t te ry  
charge could thus operate a radio or telephone service over several days of 
cloudy weather. 
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Figure 25. Cross Section of Terrestrial Solar Generator Assembly 
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1. INTRODUCTION 
Appendix I is a detai led process report  on the fabrication of 
developmental f l a t  p la te  solar  thermoelectric energy conversion panels. 
A l ist  of materials, d i r e c t  and indirect ,  plue a l ist  of equipment used 
i n  the procese is given in tables 1-1, 1-2, and 1-3, respectively. A 
process flow chart  i s  given in figure 1-1. 
2. PREPMUTION OF THZRMOELECTRIC LEOS, N- AND P-TYPE 
2.1 Equipment 
a, 
b. ,Airbrasive unit, So So White Hfg. Co. ( f igure 1-3). 
Multiple-station nickel-plating apparatus ( f igure 1-2). 
C. Microscope, stereoscopic, 1 O X  wide-field. 
d, 
e. Holder for Airbrasive blasting. 
f. Self-closing tweezers. 
g. Tweezers, 3C. 
h. Artist brush, s i ze  1. 
i. Beakers, 50 nd. 
DC power supply, model D6-12. 
2.2 Materials 
2.2.1 Direct 
a. E2Te3 al loy thermoelectric legs,  n-type (figure 1-4). 
b. Ed. Te alloy thermoelectric legs,  p-type (figure 1-4). 2 3  
C. Anodenickel. 
I- 2 
TAE(LE 1-1 
LIST OF DIRECT MATERIALS 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Ik. 
15. 
16. 
17. 
18. 
19  
20. 
21. 
22 . 
B i  Te  alloy thermoelectric legs, n-type, ASARCO Intermetallics Corp., 
New York, N.Y. 
2 3  
Bi Te a l l o y  thermoelectzic legs, p-type, ASARCO Intermetallics Corp., 
New York, N.Y. 
2 3  
Anode nickel. 
Aluminum, alloy ll00, mirror  f inish,  0.002-inch-thick foil. 
Nickel, 0.0005-inch-thick f o i l .  
Solder nickel to  aluminum, 95 Zn - 5 Al (MP: 383OC). 
Solder, thermoelectric leg bonding, 99.5 F'b - 0.5 Zn ( M p :  3 1 8 O C ) .  
adhesive, type A-1, Armstrong Products, Warsaw, Ind. 
Mica, 0.002-inch thick. 
Mica, 0.001-inch thick. 
Silicone adhesive, No. 991, Dow-Corning Co. 
Aluminum, a l l o y  1100, 0.003-inch-thick foi l .  
Aluminum, a l loy  1100, 0.OOS-inch-thick f o i l .  
Solder, radiator p la te  joining, 91 Sn - 9 Zn (MP: 2OOOC). 
@oxy adhesive, type 250, Minnesota Mining & Mfg. Co. 
Zirconium orthosil icate,  325 mesh. 
Aluminum oxide, Linde rlA.ll 
* 
Lampblack, submicron . 
Flat  black lacquer. 
Current test lead, 1/8-inch copper braid. 
Voltage tes t  lead, 28 gage, enameled copper. 
Thermocouples, 
electric Co., Inc., Saddle Brook, N.J. 
* 
Teflon-insulated, Chromel-Alumel , 40 gage, Themo- 
* Used f o r  thermocouple-instrumented units only. 1-3 
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i TABLE 1-2 
LIST OF INDIRECT MATWIALS 
Metal Etch Resist, Eastman Kodak Co,, Rochester, N.Y. 
Airbrasive abrasive, No. 1, S, S. White Mfg. Co., New York, N.Y. 
ed ro f luo r i c  acid, reagent. 
Deionized water. 
Methanol, reagent. 
Hydrochloric acid, reagent. 
Nitric acid, reagent. 
Nickel fluoborate, reagent. 
Ethylene Glycol, reagent. 
Trichlorethylene reagent. 
Lint-free paper, Aldex. 
Forming gas? 90 N2 - 10 H 
Flux, hydrazine base, type H-200, Fainnount Chemical Co., Newark, N.J. 
Flux , r e  sin-e than 01. 
Nylar film, 1/4 m i l ,  E. I. duPont de Nemours t% 
2. 
Co. 
TAELE 1-3 
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1, 
2. 
4. 
5. 
6.  
8, 
9. 
10, 
, 11. 
1 2  0 
13. 
M i l  t i p1  e-s ta t ion nickel-pl ating apparatus , 
Airbrasive unit, model C y  S. S. White Mfg. Co., New York, N.Y. 
Microscope, stereoscopic, 1OX wide-field. 
DC power supply, model D6-12, ELectro Products Coo, Chicago, Ill, 
Holder fo r  Airbrasive blasting. 
Tweezers , self-closing. 
Tweezers, 3C. 
Artist brush, s ize  1. 
Paper cutter, 
Vapor degreaser. 
Milling machine, 
Absorber and radiator plate forming dies, 
Polyurethane forming pad, 
I& 
15. Surface grinder, 
16. 
17. Controlled atmosphere enclosure, Fisher Scientific Coo 
18. 
19. Spot welder, m o d e l  l O l s - C ,  Weldmatic, Monrovia, C a l i f .  
20. Unit couple assembly apparatus. 
@ydraulic press, model By Fred S. Carver, Inc., Surmnit, N.J. 
(kinding wheel, 1/2 by 7 inches, 45 grit.  
Infrared heat lamp, 250 watts, 
TABLE 1-3 (Continued) 
LIST OF EQUIPPIENT 
21, Unit couple squaring fixture. 
22. 
23, 
Processing weights (brass, 1-3/8 by 15/16 bs 1/2 inch, wt.  90 gs.. 
Milliohunmeter, model 502, Keithley, Cleveland, Ohio (or equivalent 
system) . 
24, AC resistance test fixture, 
25. Cross-rib forming die. 
26. Backing plate f o h g  die. 
27. Panel subassembly fixture. 
28. Panel assembly fixture. 
29. 
30. Hotplatey m o d e l  1900, Tenico, Fisher Scientific Co, 
3. Aluminum spacers, 0.002-inch thick. 
32. Beakers, 50 ml. 
Miniature soldering i ron ,  Oryx model 6A. 
I -  E1118 
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Figure 1-1. Flow Chart of Flat Plate Panel Fabrication Process 
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Figure 1-3. Airbrasive Unit 
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2.2.2 Indirect 
a. 
b o  
C. 
do 
8. 
f. 
g* 
h e  
i. 
Kodak m e t a l  etch resist. 
Airbrasive abrasive No. 1. 
l@drofluoric acid, reagent. 
Deionized water. 
Methanol, reagent. 
Hydrochloric acid, reagent. 
Nitric add,  reagent. 
Nickel-pl ating solution : 
(1) 
(2) 
(3) 25.0-percent e t b l e n e  Glycol, reagent, HOCH C OH. 
"richloroetbylene, reagent. 
37.5-percent nickel fluoborate, reagent, Ni(BF ) 
37.5-percent methanol, reagent, CH OH. 
4 2' 
3 
2 %  
2.3 Procedure 
a. The thermoelectric l e g s  are purchased precut t o  the desired 
size and shape (0.047+0.001 - inch square by 0.098+0.0005 - inch). A l l  legs 
were obtained from the same batch  of n- or p-type material of uniform S 
and p values. 
this contract. 
These values are given in the first quarterly report  on 
9 The processing of the legs  are as follows: The legs are 
visually inspected f o r  defects and each tenth l e g  is checked for proper 
dimensions. If the legs  have visible voids or imperfections, therg are 
rejected. If the tenth l e g  is out of tolerance, several more are checked 
for proper dimension. 
* "Analysis, Design and Development of a F la t  Plate Solar Thermoelectric 
Bnergy Conversion PanelYtr Section 2.3, Erst Quarterly Report, Contract 
NAS-3782, NASA (1964). 
I-U 
b, Both ends of the legs  axe l i g h a y  abraided with the Airbrasive 
un i t  using . abrasive No, 1. 
which allows abrasion of j u s t  the desired areas a t  the end of each leg, 
This i s  accomplished using a special  holder 
C ,  The legs  are then treated in concentrated hydrofluoric acid f o r  
allay 30 minutes t o  remove any abrasive par t ic les  embedded in the B i  Te 
and t o  remove any other foreign matter from the surfaces to be plated, 
They are rinsed i n  deionized water and methanol, and dried. 
handled with fine-pointed tweezers t o  avoid contamination. 
2 3  
The legs  are 
d. N e x t ,  the elements are masked K i t h .  Kodak m e t a l  e tch  resist using 
the artist's brush and working under the stereoscopic microscope so t ha t  
the ends and an area approximately 0.005 inch along the s ides  from each 
end are BXposed. 
e l ec t r i c  contact t o  the l e g  f o r  plating. 
is coated around the tweezer contact and allowed t o  cure, 
Properly masked self-closing tweezers are used t o  make 
(See figure 1-5.) The resist 
e. The thermoelectric legs ,  mounted and masked, are then etched 
in a SO-percent solution of . hydrochlcric acid f o r  5 minutes, 
are then rinsed i n  deionized water. Note tha t  the processing f o r  the 
p-type l e g  i s  ident ical  t o  the processing of the n-type l e g  described 
above, with the following exception; i n  s tep e, a 50-percent solution of 
n i t r i c  acid i s  used i n  place of the SO-percent solution of hydrochloric 
acid, 
The uni t s  
f, Jus t  p r io r  t o  the plating step, the mounted l egs  are immersed 
in hydrofluoric acid for  5 minutes t o  remove any surface oxide or other 
contaminants. 
1-12 
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Figure 1-5. Thermoelectric Legs and Plating Tweezers 
I- 13 
g. The mounted legs  are then immersed d i rec t ly  i n t o  the nickel- 
p la t ing  solution ( in  a SO-ml beaker containing 20 m l  of p la t ing  solution) 
w i t h  a surface film of hydrofluoric acid remaining over the  surface t o  
’ be plated. Only one l e g  i s  plated per beaker and n- and ptypes a r e  plated 
They are h e r s e d  with the p la t ing  power on. i n  separate beakers. 
current i s  immediately adjusted t o  2 milliamperes and the legs  a r e  allowed 
t o  p l a t e  f o r  10 m i n u t e s .  
a t  24’C. The bath i s  replaced with f resh  p la t ing  solution after every 25 
elements, due t o  contamination from the hydrofluoric ac id  and &can t he  
thermoele c t r i  c materia 1 . 
The 
The temperature of  the plat ing bath i s  maintained 
h. The mounted legs a re  remaved from the  plat ing bath and immediately 
sprayed with methanol t o  remove the p la t ing  solution. 
with a water r i n s e  i n  deionized water and a methanol rinse.  
This i s  followed 
The l egs  are 
then removed from t h e  tweezer mounting and the acig i s  removed by soaking i n  
trichloroethylene f o r  lminute .  After removing the  r e s i s t ,  the  en t i r e  l e g  
i s  r insed  i n  deionized water and in methanol. 
i. Each plated end i s  then inspected under the stereoscopic microscope 
f o r  flaws or discontinuities.  A l l  l egs  showing flaws are  rejected.  The 
p l a t ing  should appear fine-grained and continuous under the microscope. 
It should be free of spots of discoloration or any ewosed Ei Te 2 3  
Kithin t h e  plated area, especial ly  a t  t h e  corners which can be chipped 
surfaces 
easi ly .  
1-14 
3. 
3.1 -pent  
PREPARATION OF AL- ABSORBER AND RADIATOR PLATES 
a. Paper cutter.  
b. Vapor degreaser. 
C. Milling machine. 
d. Forming dies (f igure 1-6). 
e. 
f. Hydraulic press (figure 1-71. 
Polyurethane forming pad (figure 1-61. 
g. Tweezers, 3C. 
h. 
io 
j. &all hotplate (figure 1-91. 
Surface grinder with 1/2-by?-inch wheel, 45 grit SIC. 
Controlled atmosphere enclosure (figure 1-8). 
k. Artist brush, s ize  1. 
1. Infrared heat lamp, 250 watts. 
m. spot  welder. 
3.2 Materials 
3.2.1 Direct 
a. Aluminum, alloy 1100, mirror f h i s h ,  0.002-inch-thick fo i l .  
b. Nickel shoes (0.0005-inch-thick N i  f o i l  0.078 inch in diameter, 
pretinned on one s ide with a thin layer  of 95 Zn - 5 A 1  solder 
(MP:383"C). 
c. 
d. Flux, t y p e  H-200. 
Thermoelectric l e g  bonding solder, 99.5 Pb - 0.5 Zn (MP:31S0C). 
1 2006-6720 
Figure 1-6. Absorber and Radiator Plate Forming Dies and Polyurethane 
Forming Pad 
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Figure 1-7. Hydraulic P res s  Used for Forming Absorber and Radiator Plates 
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Figure 1-8. Controlled Atmosphere Enclosure 
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Figure 1-9. Small Hotplate Used for Aluminum Plate Preparation 
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3.2.2 Indirect  
a. Trichloroethylene, reagent. 
b. Lint-free paper. 
C. Methanol, reagent. 
d. Forming gas, 90-percent N2 - 10-percent 5. 
e. *&azine base flux, type H-200. 
f. Thermocouples, Teflon-insulated Chromel-Umel, 40 gage, * 
10 inches long. 
3.3 Procedure 
a. The preparation of the absorber plate  (figure 1-10) proceeds 
as follows: Blanks are cut  from the 0.002-inch-thick aluminum f o i l  t o  
a sise approximately 1/8 inch larger than the required s ize  of  the 
absorber plate, i.e., t o  a size of approximately l-l/h inches square. 
T h i s  is accamplished by using a paper cutter. 
b. 
c. 
The rough blanks are then vapor-degreased i n  trichloroetQlene. 
Using tweezers, up t o  200 rough blanks are stacked and held 
firm in a milling vise under considerable compression. The rough blanks 
are then milled on a milling m a c h i n e  to the accurate blank s ize  of 1.120 
inches sQuare with 5/64-inch radius milled on all corners. 
,do These blanks are now ready for  forming. They are placed, one 
at  a time, i n t o  the locator of the appropriate forming die. The forming 
die i s  pressed against a polyurethane forming pad, using a pressure of 
SO00 pounds. 
the die, using the locator portion of the die as a stripper. 
The pressure i s  released and the formed par t  is removed from 
It is necessary 
* Used for thermocouple-ins trumented u n i t  couples only. 
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Figure 1-10. Absorber and Radiator Plates 
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t o  wash the die and the f0-g pad with tricf-iloroethyleneandlint-free 
paper pr ior  t o  using them and af te r  each group of 10  pieces are formed. 
It is  also necessary to grind the polyurethane forming pad f l a t  after 
every 50 t o  75 pieoes are formed. 
grinder, using a &grit abrasive wheel. 
radiator plates (there are two types, see figure 1-10> is  ident ical  to the 
processing of the absorber plate  with the fol lowhg exceptione: 
the rough blanks t o  be used f o r  the tab-less radiator p la te  are cut  approxi- 
mately 1/8 inch larger  than 0.590 by 1.135 inches. 
tab radiator plates are cut  so extra material i s  l e f t  f o r  the tab. 
c, to be used f o r  the tab-less rad ia tor  plate, the pieces are accurately 
milled t o  0,590 by1.135 inches blank size. For the tab radiator plate,  
a tab 0.120 inch wide by 0.117 inch long is milled. 
milled i n to  the blank 1/32 inch on each side of the tab. 
This i e  accomplished on a eurface 
Note t ha t  the processing of the 
in step a, 
Rough blanks f o r  the 
In step 
A 1/64-inch groove is 
(See figure 1-10.) 
e. The  pieces are degreased again i n  trichloroethyleneandrinsed in 
methanol . 
f. In a controlled atmospheric enclosure containing forming gas, the 
pretinned nickel shoes are attached t o  each element site on the absorber 
p la tes  (four sites - see figure I-ll) and also on both types of radiator 
plates. 
temperature of 39soC. 
in the dimpled element site, with the tinned side down, until the solder 
flous and wets the aluminum. 
This is accomplished on the small hotplate (figure 1-8) a t  a 
Using tweezers, the nickel shoe i s  worked around 
1-22 
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Figure 1-11. Unit Couple Assembly Drawing 
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g. N e x t ,  the thermoelectric l e g  bonding solder i s  applied to the 
attached nickel shoes, using the s m a l l  hotplate set a t  a temperature of 
350°C. 
to  keep the f lux 
t o  run over the inner surfaces of the alurninm plates. 
The nickel shoe is prefluxed with H-200 flux. C a r e  must be taken 
confined t o  the nickel shoe. It should not be alluued 
h. The flux residue is cleaned f rom the nickel shoe area by swabbing 
uith an artist's brush i n  methanol. 
and dried under a heat lamp. 
The pieces are rinsed i n  methanol 
i. The p la tes  we straightened a t  this time, i f  necessary. T h i s  can 
be accomplished by using the original forming die and pressing against a 
clean f l a t  surface. 
necessary to  a t tach thermocouples t o  both an absorber and a radiator  plate. 
If instrumented un i t  couples are t o  be made, preparations f o r  the themo- 
couples must be made i n  this step. 
of nickel shoes t o  the p la tes  -- one t o  the absorber and one t o  the radiator. 
They are placed as  close as possible t o  one of the c i rcu lar  dimples which 
are the thermoelectric l e g  bonding sites. These serve as locations f o r  
spot welding the required thermocouples. In constructing an instrumented 
couple, it is  now necessary t o  spot weld the junction bead of the thermo- 
couple t o  the extra nickel shoes on the absorber and radiator  plates. 
Note that, t o  construct an instrumented couple, it is 
T h i s  is done by attaching an extra pair 
I- 2ll 
40 ASSEMBLE UNIT COUPLES 
4.1 Equipment 
a. U n i t  couple assembly apparatus ( f igure 1-12). 
lr.2 Hater ids  
a. Nickel-plated thermoelectric legs,  n-type. 
b o .  Nickel-plated thermoelectric legs, p-type. 
C. Prepared absorber plates. 
do Prepared radiator  plates. 
e. Epoxy adhesive, type A-1. 
f. Mca  spacers, 0.025 by 0.063 by 0.002 inch ( f o r  spacing between 
the two radiator  p la tes  of a u n i t  couple). (see figure 1-4.) 
g. Mica support members, 0.093 by O.kl.5 by 0.001 inch (for strrrctural 
support around peripheryof uni t  couple). (See figure 1-4.) 
* h. Silicone adhesive, No. 991. 
4.2.2 Indi rec t  
a. 
bo Flux, resin-ethanol, 30 g/lOO ml. (alternate: hydrazine-based 
Forming gas, 90-percent N2 - lO-percent H2. 
flult, type H-200). 
C. Ethanol (alternate:  methanol f o r  €I-200). 
do Mylar film, l /L-mi l  thickness. 
sc Used f o r  thermocouple-instrumented uni t  couples only. 
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Figure 1-12. Unit Couple Assembly Apparatus 
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Figure 1-13. Squaring Fixture for Unit Couples 
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4.3 Procedure 
a. The plated thermoelectric legs and prepared aluminum plates  are 
placed i n t o  the controlled atmosphere chamber of the uni t  couple assembly 
apparatus. 
t o  produce a slight posit ive pressure i n  the chamber during processing. 
The chamber i s  purged with forming gas and the flow is maintained 
(%e figure 1-14.) 
b. The bonding sites of radiator p l a t e s  are fluxad.with resin-ethanol 
and placed i n  posit ion i n  the assembly apparatus. 
i n  the apparatus separates the two radiator  plates. 
Flux is then applied t o  two n-type legs, and they are placed i n  position 
using the adjustable locators of the  apparatus t o  locate  them properly. 
n-type legs  go on the radiator  plates with the tab. 
legs  are fluxed and placed i n  position using the locators. 
The p-type legs  go on the tab-less radiator  plate. 
A 0.002-inch-thick spacer 
(See f igure 1-15.) 
The 
Likewise, two p-type 
(See figure 1-16,) 
C. Next, the bonding s i t e s  of an absorber p l a t e  are fluxed and the p l a t e  
i s  placed i n  posit ion on the legs i n  the assembly apparatus. 
a lso  posit ion the absorber plate. The absorber p la te  is coded with a dot 
depression t o  ident i fy  the n-type s e t  of legs; therefore, the dot end is 
placed over the p a i r  of n-type legs. 
are side locators and a f r o n t  locator. 
thermoelectric legs  and the absorber and radiator  plates. 
holds the legs  t i g h t  against the side locators  un t i l  the top heater is put 
i n t o  position. 
place during the bonding cycle. 
The locators 
(See figure 1-17.) Note t ha t  there 
The side locators  position both the 
The f r o n t  locator  
The positioning of the top heater holds a l l  par t s  firmly i n  
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Figure 1-14. Unit Couple Assembly Sequence I 
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Figure 1-15. Unit Couple Assembly Sequence 11 
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Figure 1-16. Unit Couple Assembly Sequence III 
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Figure 1-17. Unit Couple Assembly Sequence IV 
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d. The top heater is brought down into position. 
(See figure 1-18.) 
The front  locator and 
The bonding cycle is the two side locators are removed. 
now started. The time-temperature program i s  automatic. T h i s  program i s  
shown i n  figure 1. 
e. When the bonding cycle i s  complete and the temperature has dropped 
below 25ooc, the uni t  couple is removed from the assembly apparatus. (See 
figure 1-19.) 
f. When removed from the controlled atmosphere chamber, the unit couple 
assembliee are cleaned i n  boiling ethanol f o r  1/2 hour t o  remove flux residue. 
(See figure 1-20,) 
g. The space between the radiator plates  i s  f i l l e d  with type 8-1 epoxy, 
(See figure 1-11,) - The using three small 0.002-inch mica pieces as spacers. 
epoxy is allowed t o  cure f o r  2 hours at  room temperature. 
l eve l  couples cure with the radiator plates  up using the epoxy coating weights 
on top of the plates. 
plates  and the weights t o  keep the epoxy from adhering t o  the weights. 
Ensure that the 
It i s  necessary t o  use 1/4-mil Mylar f i lm between the 
h. After curing, any deformities i n  the plates  may be squared up by 
using the squaring fixture (figure 1-13), 
plate  levelness. 
the p la tes  with tweezers. 
The plates  are then checked f o r  
The plates  are leveled i f  necessary by gently springing 
i. The mica support members are ins ta l led  around the periphery of the 
uni t  couple, using A-1 epoxy to bond the mica pieces t o  the aluminum. 
mica sections are bonded j u s t  inside the turned-up edge of the radiator plates  
and t o  the outside of the turned-down absorber plate  edge. The epoxy adhesive 
i s  allowed t o  cure for  2 hours a t  room temperature. Note tha t  before 
These 
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Figure 1-18. Unit Couple Assembly Sequence V 
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Figure 1-19. Unit Couple Assembly Sequence VI 
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proceeding with the assembly of a thermocouple-instrumented u n i t  couple, the 
thermocouple should be anchored by placing a s m a l l  dot of 991 sil icone adhe- 
sive over the spot weld of the thermocouple and also by adhering the the- 
couple with 991 adhesive at  another point where it crosses the outer ridge 
of the plate. This applies t o  both the absorber and radiator p la tes  of an 
instrumented couple. 
nine couples i s  required t o  have tabs on both sides of the radiator  surface. 
(See figure L21.) 
t ions of the device. 
Note t h a t  i n  each panel of nine u n i t  couples one of the 
This i s  t o  a l low an output power tab at  both t e d n a c  
5. 
5.1 
5.2 
5.3 
TEST UNIT COUPLES 
muipment 
a. Keithley milliohmmeter, model 502 ( o r  equivalent system). 
b. AC resistance test f ix ture  (figure 1-22), 
Haterials 
No materials are required. 
Procedures 
a. A unit  couple is placed in to  the ac resistance test f ix ture  and 
attached t o  the milliohmmeter. 
b. The room temperature ac resistance i s  measured. 
C. A l l  couples with resistances greater  than 25 milliobms are rejected. 
Note that, when more definit ive information i s  required concerning the qual i ty  
o r  performance of a couple o r  couples, the simulated operating conditions t e s t  
method described i n  section 2.2.2 can be applied. 
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ABSORBER SIDE 
3.257" SQ. 
/ 7 / 6 4  T Y P A r j  n 
POLARITY MARKS 
TAB 
'-- 
TAB REMOVED 
JOINT 
F L A T  PLATE PANEL ASSEMBLY 
Figure 1-21. Flat Plate Panel Assembly 
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Figure 1-22. AC Resistance Test Fixture 
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6, PREPARATION RADIATOR BACKING SUPPORT STRUCTUBE 
6.1 Equipment 
a, Cross-rib forming die. 
be Backing p la te  forming die. 
C. Hydraulic press* 
dm Spot welder, 
e, Polgurethane forming pad. 
f. Paper cutter,  
6.2 Materials 
6.2.1 Direct 
a. 
be 
Aluminum, alloy 1100, 0.003-inch-thick foil, 
Aluminum, alloy 1100, O.OO$inch-thick f o i l ,  
6m2m2 I n d i r e c t  
l o  ind i r ec t  materials are required. 
6.3 Procedure 
a. The cross-rib i s  blanked and formed from 0.003-inch-thick aluminum, 
using the cross-rib forming die and the polyurethane fonning pad on the 
hydraulic press. (See f igure 1=23.) 
b, kxt, a square blank i s  sheared from 0,005-inch-thick aluminum, using 
the paper cut ter ,  The corners are rounded slightly.  These pieces are formed 
with the backing p l a t e  forming die and the polyurethane forming pad on the 
hydraulic press. 
C. The cross-rib i s  then spot welded t o  the backing p la te  as shown i n  
f igure 1-23, 
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I -  E1045 - 3.300 o.004 SQ. - 
SPOT WELD APPRX 3,"" INTERVALS 
1.'16 ID RA 
.' 
,\b 
P 
/ 
NO. 1100 AL. 0.003 THK. 
BLK, ANODIZE 
AFTER FABRICATION 
\ 
- RIB. APPRX -1,'16" WIDE X 3/64" DP 
SEC. A-A 
ALL -BEND RADIUS 0.010 
Figure 1-23. Rigidizing Rib and Radiator Backing Support Structure 
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d. A black anodiEe is applled according t o  Melpar Specification l~-OO4, 
* *  
type 2 
7. AssEMBLEPmIs 
7.1 Equipment 
(KLl-A-8625), f o r  maximum e lec t r ica l  resistance. 
a. Panel subassembly (figure 1-24). 
be Panel assembly (figure 1-25), 
C. 
de Hotplate, model 19000 
e. 
Miniature soldering iron, Oryx model 6s. 
Panel assembly weights (brass, 1-3/8 by 15/16 by 1/2 inch; weight, 90 g), 
f. Aluminum spacers, 0.002-inch thick. 
g. Controlled atmosphere enclosure (figure I-8). 
7.2 Materials 
7.2.1 Mrect  
a. 
bo Epoxy adhesive, type A-1. 
.c. 
F&diator plate  joining solder, 91 Sn - 
Mica spacers, 0.025 by 0.063 by 0,002 
do Molded lead tab supports. 
e. Output current test lead. 
f. Voltage drop test lead. 
go Radiator backing support structure. 
9 zn (WPr 200OC). 
nch. 
h. Epoxy adhesive, type 250 ( f i l l e d  50 percent by volume with 325 mesh 
zirconium orthosi l icate ,  25 percent by volume with Linde "At1 aluminum oede, 
and 25 percent by volume with submicron lampblack). 
+* This service is provided by the Analyte Finishing CO., Alexandria, Va. 
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Figure 1-24. Panel Subassembly Fixture 
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Figure 1-25. Panel Assembly Fixture 
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7.2.2 Indirect  
a. Wlar film, 1/4-mil thick. 
7.3 Procedure 
a. Both of the tabs and the matdng sections of the radiator  p l a t e s  are 
tinned with the radiator plate joining solder, w i n g  a miniature 80ldering 
iron. 'phs surfaces t o  be wetted are abraided with a 
ing i ron  t ip .  
generously tinned solder- 
b.1 First, the unit couples are joined i n t o  subassemblies of three couples. 
T h i s  i s  accomplished by using the panel subassembly f ix tu re  ( f igure  1-24) and 
a hotplate inside the controlled atmosphere enclosure. 
t o  bring the temperature of the radiator t o  200°C. The three un i t  couples 
are joined by allowing the tAnned areas t o  melt and by s l iding the couples 
The hotplate i s  set 
together one a t  a t i m e .  
subassemblies are removed from the hotplate and allowed t o  cool. 
at ions of uni t  couples are shown i n  f igure 1-26. 
Next, panel assembly weights are q p l i e d ,  and the 
A l l  vari- 
C. To assemble three panel subassemblies i n to  a complete nine-couple 
panel, first remove the unused tabs. Three panel subassemblies are posi- 
tioned i n  an e l ec t r i ca l  s e r i e s  arrangement i n  the panel assembly fixture, 
absorber side down ( f igure 1-25), Le., consistent n-to-p ser ies  i n t e r -  
connections are made throughout. (See f igure I-2l.) The 2-mil aluminum 
spacers are placed between the adjacent r o w s  of radiator plates,  except for the  
two areas w h e r e  e l e c t r i c a l  interconnections are t o  be made between the 
m s .  These two areas are then soldered together with radiator  p l a t e  
joining solder, using the miniature soldering iron. After the solder has 
set ,  the aluminum spacers are removed. Assembled, but unmounted f l a t  
p l a t e  panels, are shown i n  f igure 1-27, 
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Figure 1-26. Unit Couple Types 
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Figure 1-27. Assembled Flat Plate Panels 
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f 
I 
d, The spaces between the radiator p la tes  w h e r e  aluminum spacers w e r e  
removed are f i l l e d  with A-1 e p o q  and spaced with O.OO2-inch mica spacem. 
Mylar f i lm is  placed over the top t o  prevent sticking of the panel assembly 
weights, which are used t o  hold the assembly i n  proper position while the 
epoxy cures. 
e, The epoxy i s  allowed t o  cure f o r  2 hours a t  room temperature, The 
weights and Mylar are removed, 
f. Using the special ly  f i l l e d  250 epoxy, the panel assembly i s  bonded 
Radiator backing support struo- 
Use panel assembly weights t o  ensure m i n i -  
to the radiator  backing support structure. 
tu res  are shown i n  f igure 1-28. 
mum spacing between panel and panel backing structure. 
supports are bonded i n  place, 
hours i n  the controlled atmosphere enclosure, 
units are allowed t o  cool and are removed from the chamber, 
Next, the lead tab 
This assembly i s  then cured a t  100°C f o r  16 
A t  the end of this time, the 
g, 
h, 
Current and voltage t e s t  leads are soldered t o  each output tab. 
The back side of the radiator backing support structure i s  sprayed 
with f l a tb l ack  lacquer t o  provide a high emissivity surface, 
i. The absorber coating is applied t o  absorber p la te  surface.(Kinney 
D- Hirror Coating) ,* 
8. TEST PANELS 
8.1 Equipment 
a, Keithley mill iohmeter,  model 502 (o r  equivalent system). 
U This i s  a service provided by the Kinney Coatings Department of Kinney 
Vacuum Co., Camden, N.J. 
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Figure 1-28. Radiator Backing Support Structure 
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I 
0.2 Mate r ids  
No materials are required. 
8.3 Procedure 
a. Tlae resistance measuring equipment i s  attached t o  the panel. 
b. The room temperature ac resistance i s  measured. 
C. Panels wi th  resistances greater than 248 milliohms are rejected. 
Note that, when more def ini t ive information i s  required concerning the 
qua l i ty  of performance of the panel, e i t h e r  of the two simulated operating 
conditions tes t  methods descr ibedin section 2.2.2 can be applied, 
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PERFOIHANCE OF THE SOLAR FLAT PLATE THERMOELECTBIC 
G E N " O R  IN A POLAR ORBIT 
If the  f la t  p la te  solar generator i s  placed i n  a polar earth orb i t  
and i s  sun-oriented, the cold o r  radiator plate would receive some r d - 6  
energy from the direction of the  earth. 
solar radiation reflected f r o m  the  ear th’s  atmosphere and surface, and the  
remainder would be themal  radiation emitted from the same. For orb i ta l  
a l t i tudes of approximately 300 nantical miles, t h i s  combined earthshine 
would be approximately 10 watts/fl t  . About 60 percent i s  at t r ibuted t o  
reflected radiation, and 30 percent t o  direct t h e n a l  radiation. 
Part of this radiation would be 
2 
If the radiator plate  i s  coated with a material which exhibits a 
high emissivity at  the plate’s temperature and a corresponding low solar  
absorptivity, then the e f fec t  of earthshine can be reduced significantly. 
For example, the emissivity of Z’Oe near 60°C is 0.95, and the corresponding 
solar absorptivity i s  O.l.4. 
earthshine would be appmdmately 6(O,lL) + b(O.%) o r  4.6 w a t t s / f t  . 
Then a t  300 nautical miles the “effectivew 
2 
Since our calculations f o r  the performance of t he  f l a t  plate  generator . 
have been based on the  assumption tha t  Qa 
converted t o  e lectr ic i ty ,  approximately 3 watts/ft2, the  additional 1 t o  2 
8,, which neglects the heat 
w a t t s  of earthsine will have a negligible effect on the  cold junction 
temperature and is  thus neglected i n  the  following calculations. For 
obbits of greater than 300 nautical miles, the  effect of earthshine is, 
of course, reduced. 
A computer program w a s  written i n  FORTRAN-2 (table II-1) t o  allow the 
calculation of the  performance of t he  generator with t h e  Kinney coating i n  
a polar orbit. This I s  followed by a sample problem, 
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1 *  
2 
3 1 
I r c  
33 c 
34 
35 
36 
37 
38 8 
4 1  
112 9 
5 
6 C  
7 
8 C  
12 c 
11 
1 2  
13 2 
1 L c  
15 
16 
17 
18 
19 
21 
22 
23 C 
2.h 
25 
26 C 
27 
28 C 
31 7 
32 
28 lP ,  
11-3 
4 3 c  
44 
4s 
t 6  
47 
48 * 
TABLE 11-1 (Continued) 
FORTRAN-2 COMPUTER PROGRAM 
I 
The basic equations programmed aret 
4 1) we - = t UT r c  
2) = o ( T 2  - T2)/66 . . . 
4) \ =  
712 = 
5’  
Pout 
(%<5% I$,&) ; % - Bond resistance 
I$,E- Resistanue of thermo- 
electric  material 
2AT 
boo0 + 3Th+Tc 
Simple calculationr 
Input 
output 
&a e a r a 
0.95 0.82 0.08 
I . . . 
106.60 3 9 . 9 0  30.77 75.83 4.61 71.2 
0.397 % ’$. = 0.0427 ‘12 = 0.0132 
